The effects of pH, ionic strength and temperature on sorption of Eu(III) on attapulgite were investigated in the presence and absence of fulvic acid (FA) and humic acid (HA). The results indicated that the sorption of Eu(III) on attapulgite was strongly dependent on pH and ionic strength, and independent of temperature. In the presence of FA/HA, Eu(III) sorption was enhanced at pH < 4, decreased at pH range of 4 -6, and then increased again at pH > 7. The X-ray photoelectron spectroscopy (XPS) analysis suggested that the sorption of Eu(III) might be expressed as ≡X 
Introduction
In the context of safety of nuclear waste repositories as well as for the assessment of radionuclide mobility in the environment, the interaction between actinides and humic substances (HS) has been the subject of various studies. Europium is usually taken as a homologue for trivalent actinides because the ionic radius of Eu(III) is almost the same for the trivalent lanthanides and actinides. Therein, the sorption of Eu(III) at the solid-water interface is important for the performance assessment of nuclear waste repository (1). The results of Eu(III) sorption on kaolinite and montmorillonite indicated that a unique inner-sphere complex (≡AlOEu 2+ ) linked to the aluminol sites was assumed at the edge of minerals, however, a second exchangeable outer-sphere complex for montmorillonite probably presented in an interlayer (2). The sorption edge of Eu(III) on Ca-montmorillonite and Na-illite could be quantitatively modeled in pH range 3 to 10 using cation exchange reaction for high pH values, which is attributed to the sorption of HS on the mineral surface followed by the interaction of Eu(III) with surface adsorbed HS at low pH values, whereas the formation of soluble Eu-HS complexes stabilizes Eu(III) ion in aqueous solution at high pH values (4, 5). Spectroscopy analysis (such as extended X-ray absorption fine structure (EXAFS) spectroscopy, time resolved laser fluorescence spectroscopy (TRLFS) and X-ray photoelectron spectroscopy (XPS)) can offer structural information at molecular level. The EXAFS study of the reactions between iron and fulvic acid (FA) in acid aqueous solution indicated that iron was octahedrally configured with inner-sphere Fe-O interaction at 1.98 -2.10 Å depending on the oxidation state iron (6). Stumpf et al. (7) studied the incorporation of Eu(III) on hydrotalcite using TRLFS and EXAFS, and found that minor part of Eu(III) was inner-sphere adsorbed to the mineral surface, while the dominating Eu/hydrotalcite species consisted of Eu(III) that was incorporated into the hydrotalcite lattice. The interaction of Am(III) with 6-line-ferrihydrite was investigated by EXAFS, and found that Am(III) was adsorbed as a bidentate corner-sharing species at low pH values (pH 5.5) as well at higher pH values (pH 8.0) (8).
Attapulgite, which is a hydrated magnesium aluminium silicate present in nature as fibrillar mineral, generally has three kinds of water at room temperature: (i) free water; (ii) zeolite water; and (iii) crystalline water. In addition, some isomorphic substitutions in the tetrahedral layer, such as Al 3+ for Si 4+ , develop negatively charged sorption sites to electro-statically adsorb cation ions (9). Its ideal structure is shown in Figure SI -1. The special structure and surface properties of attapulgite make it a very suitable sorbent in the removal of heavy metal ions. However, to the best of our knowledge, the studies of Eu(III) sorption on attapulgite in the absence and presence of HS is not available, especially the spectroscopic study of Eu(III) structure at molecular level.
The present work aims to study the effects of pH, ionic strength, temperature and fulvic acid (FA) / humic acid (HA) on Eu(III) sorption to attapulgite. The species and mechanism of Eu(III) sorption to attapulgite are modeled and analyzed using FITEQL 3.2 code and XPS. Effect of HA/Eu(III) addition sequences on Eu(III) sorption to HA-attapulgite hybrids are also investigated. The interaction of Eu(III) with HA bound attapulgite is investigated by using Eu L III -edge EXAFS to determine the local structure around the select element atom, which is very important to clarify the controversy of the influence of the HA/Eu(III) addition sequences on the molecular structures of Eu(III) adsorbed on HA-attapulgite hybrids. The combination of two complementary spectroscopic methods (i.e., XPS and EXAFS) and FITEQL 3.2 code allow us to understand and to quantify the adsorbed Eu(III) species and sorption mechanism.
Experimental Section
Materials. Eu(III) stock solution was prepared from Eu 2 O 3 after dissolution, evaporation and redissolution in 10 -3 mol/L perchloric acid. The sample of raw attapulgite was achieved from Kaidi Co. (Gansu, China). It was changed into Na-type (i.e., Na-attapulgite) and used in the experiments. The N 2 -BET surface area of Na-attapulgite was 100.7 m 2 /g. The chemical component is listed in Table SI Pa residual pressure. Surface charging effects were corrected with C 1s peak at 284.6 eV as a reference. Shirley background correction and Gaussian-Lorentzian fitting were used to transform peak areas to total intensities. EXAFS Analysis. Eu L III -edge X-ray absorption spectra at 6976.9 eV were recorded at the National Synchrotron Radiation Laboratory (NSRL, China). Detailed descriptions of EXAFS analysis are listed in SI (S3.6).
Results and Discussion
Effect of ionic strength. Figure 1A . Europium ions begin to form precipitation at pH ~ 8.5
in the absence of attapulgite. It is clear that 90% Eu(III) is adsorbed to attapulgite at pH < 7. Thereby the sorption of Eu(III) on attapulgite at pH below 7 was not attributed to the surface precipitation of Eu(OH) 3 , whereas surface precipitation of which dominates sorption at low pH; and (2) strong pH-dependent surface complexation reaction, which dominates sorption at neutral to alkaline conditions (2, Figure 1B shows Eu(III) sorption on attapulgite at different initial Eu(III) concentrations as a function of pH values. The uptake curves show a typical "sorption edge", namely, the percentage of uptake increases from practically zero to about 90% over a range of more than three pH unites. However, 100% sorption is not reached, which can be interpreted in terms of the formation of water soluble carbonate complexes of Eu(III) ions (16) . As expected, the pH-edge shifts to higher pH values at higher Eu(III) concentration, which is consistent with the results of Eu(III) sorption on natural hematite (17) . Figure 1C indicates that there is slight increase with increasing temperature at high pH, whereas Eu(III) sorption is independent of temperature at low pH. In order to adsorb cations to solid surface, cations are some extent denuded their hydration sheath in aqueous; this process requires energy (Q 1 ). If this energy of dehydration (Q 1 ) exceeds the exothermicity of cations attaching to the surface (Q 2 ) (i.e., Q 1 > Q 2 ), the sorption is an endothermicity process. If Q 1 = Q 2 , then the sorption is independent of temperature. The results are consistent with the sorption of Eu(III) on smectite and on kaolinite (18, 19) . Bauer et al. (18) 
13, 15).
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BRIEF:
The structure of Eu(III) adsorbed on attapulgite is influenced by the different sorption sequences of Eu(III) and HA to attapulgite.
